Advanced-argillic alteration is hence associated with degassing porphyry-type magmas (Hedenquist, Arribas & Reynolds, 1998) .
By contrast, geothermal systems involve neutral-pH, dilute-chloride waters and comprise adularia-sericite, argillic and propylitic alteration with low-sulphidation mineralization (Simmons, 1995) . Although forming at depths of < 2 km around plutonic centres, these systems are thought to be part of deeply convecting (up to 10 km?) meteoric waters, and a genetic relationship with specific intrusions has not been demonstrated. Advanced-argillic alteration can also occur in these neutral-pH systems as a result of steam-heating (Rye, Bethke & Wasserman, 1992) .
In many volcanic arcs, widespread propylitic alteration, similar to that in porphyry and epithermal settings, may form in burial and contact metamorphic settings (e.g. Mendoza, 2000) . Nevertheless, stableisotopic investigations in such regions have revealed strikingly low oxygen and hydrogen isotopic anomalies within some plutons, extending for 10 to 50 km out into the country rocks (Criss, Fleck & Taylor, 1991) . These result from the major convective flow of meteoric groundwaters during pluton emplacement, and may lead to the formation of epithermal veins. More recently, propylitization has also been attributed to fluid flow during tectonic uplift (Rose & Bird, 1994) , extensional tectonism (Mensing & Faure, 1996; Jenkin et al. 1998) or interaction with marine (Levi et al. 1989) , meteoric (Sorensen et al. 1998) , salinelacustrine (Battles & Barton, 1995) or saline-formation waters (Dilles, Farmer & Field, 1995) . In summary, hydrothermal alteration can be caused by a variety of different magmatic, tectonic or thermal events, and involve waters from diverse sources.
The South Shetland Islands are the remnants of a volcanic arc that formed at the Antarctic Peninsula continental margin during Cretaceous and Tertiary times ( Fig. 1) , prior to the opening of the Drake Passage between Antarctica and the Southern Andes (Storey & Garrett, 1985; Leat, Scarrow & Millar, 1995) . Numerous localities of hydrothermal alteration have been reported during regional mapping. In particular, King George Island, the largest island in the (Cunningham et al. 1995; Willan & Kelley, 1999) . (c) Summary of the geology of King George Island and locations of fossil hydrothermal systems. Rectangle indicates the study area shown in Figure 2. group, contains an 80 km long zone of propylitized volcanic rocks, with quartz veining, silicification, sericitic, argillic and advanced-argillic alteration (Fig. 1) . One of the best exposed areas of alteration is in an Eocene volcanoplutonic sequence on Barton Peninsula (Fig. 2) . Although there have been about eight field investigations of this area, there is considerable confusion as to the affinity of the alteration. Most studies regard the altered rocks as a single, porphyrytype, hydrothermal system.
We carried out field mapping, and petrographic/ geochemical analyses to establish the affinities of the hydrothermal rocks. We suggest that there are three, possibly four, alteration types: (1) syn-volcanic silicification and quartz veining in a geothermal system, (2) localized, but spectacularly developed, advancedargillic alteration associated with a rhyolitic magma at depth, (3) contact metasomatism associated with the granodiorite pluton, and possibly (4) restricted areas of propylitic alteration along faults in the volcanic country rocks associated either with the early quartz veins, or with groundwater circulation around the cooling pluton. The pluton is mostly fresh and lacks a porphyry copper-style geochemical anomaly. The history of alteration provides valuable information on coeval magmatism, and the palaeohydrology of the volcanic arc. This study also has implications for understanding K-Ar and Ar-Ar systematics in the arc, essential for relating (i) the volcanic history to subduction and regional tectonism, and (ii) the wellpreserved floras to climate change in the Tertiary period.
Geology of King George Island
The South Shetland Islands lie at the north end of the Antarctic Peninsula magmatic arc (Fig. 1) . The basement to the arc consists of metamorphic and granitic rocks of the Gondwana continental margin , and/or turbiditic sandstones and mudstones of early Triassic age (Willan, Pankhurst & Hervé, 1994) . The islands are dominated, along a strike length of 300 km, by extensive exposures of volcanic-arc rocks erupted during subduction of the Phoenix oceanic plate below the continental margin of Gondwana, in early Cretaceous to middle Miocene times (Pankhurst & Smellie, 1983; Willan & Kelley, 1999) .
King George Island is the largest island in the arc and is dominated by volcanic rocks of late Cretaceous to Miocene age, in four stratigraphic/structural blocks younging to the southeast (Fig. 1) . The volcanic sequence comprises up to 3500 m of basaltic to andesitic lavas and tuffs interbedded with rare dacites (Birkenmajer, Francalanci & Peccerillo, 1991) , and intruded by pene-contemporaneous dykes and plugs. These rocks have a low-K, transitional, island-arc tholeiite to calc-alkaline chemistry (Smellie et al. 1984; Birkenmajer, Francalanci & Peccerillo,1991; Groeneweg & Beunk, 1992) , compatible with formation of the arc on thin continental crust. Thin terrestrial sedimentary intercalations, with abundant floras, indicate that volcanism was dominantly subaerial, with local fluvial and lacustrine environments, and occurred in a warm climate.
Radiometric dating of the volcanic sequences has long been problematic due to the presence of excess argon, and loss of Ar and Sr associated with Eocene plutonism (Pankhurst & Smellie, 1983; Birkenmajer, Soliani & Kawashita, 1990; Soliani & Bonhomme, 1994) . The most reliable radiometric ages suggest that the earliest volcanism occurred between 62 and 55 Ma. A second peak in volcanism, at 50 to 40 Ma, coincides with a slowing down in the rate of ocean-floor convergence at the trench (McCarron & Larter, 1998) , and culminated in the emplacement of gabbro, diorite and granodiorite plutons between 44 and 38 Ma, mainly in the Barton block (Fig. 1) . Minor volcanism between 32 and 28 Ma, and a shift to lower K 2 O/SiO 2 ratios (Groeneweg & Beunk, 1992) , reflects extension between southern South America and the Antarctic Peninsula, which culminated in the opening of Drake Passage at 30 Ma (Barker & Burrell, 1977) . A third episode of ?extension-related volcanism occurred at 24 to 20 Ma and there was minor hypabyssal intrusive activity in middle Miocene times (14 Ma). Although spreading at the Antarctic-Phoenix ridge ceased at 3.3 Ma (Livermore et al. 2000) , slow subduction continues at the South Shetland trench to the present day (Maldonado, Larter & Aldaya, 1994) .
2.a. Hydrothermal alteration and mineralization
The Barton block (Fig. 1 ) contains large areas of volcanic rocks altered to chlorite + albite + calcite + epidote + quartz + sericite + pyrite. This 'propylitic' alteration was mostly attributed to thermal metamorphism associated with Eocene intrusions (Hawkes, 1961; Barton, 1965; Smellie et al. 1984) . Veinlets of chalcopyrite + pyrite + magnetite were interpreted as porphyry-type mineralization (Davies, 1982; Hawkes, 1982) , although crackle-type stockworks have not been described. The propylitic alteration has also been attributed to deuteric processes (Hawkes, 1961; Birkenmajer et al. 1985; Birkenmajer, Francalanci & Peccerillo, 1991) , burial metamorphism (Smellie et al. 1984) , contact-metasomatism near volcanic plugs (Hawkes, 1961) , regional metasomatism by slab-derived hydrous fluids (Birkenmajer et al. 1985) , fluid movement during extension faulting (Soliani & Bonhomme, 1994) , and subaerial weathering (Birkenmajer & Lydka, 1990; Smellie et al. 1984) . Barton (1965) first reported pale, silicified, pyritized lavas and lapilli tuffs in stratabound and discordant masses, up to 150 m across and extending for 2.5 km along strike. These rocks were thought to be hydrothermal replacements along faults or permeable tuff units (Ferguson, 1921; Barton, 1965; Paulo & Rubinowski, 1987) , related to surface hot-springs (Littlefair, 1978) , epithermal veins (Park, 1991) , or porphyry-type plutons (Davies, 1982; So, Yun & Park, 1995) . On Barton Peninsula (Fig. 2) , the term 'quartzpyrite rock' has been confusingly used to name a variety of rock types such as fine-grained tuff with diagenetic iron sulphide, argillized basalt dykes, altered diorite/granodiorite, sulphide-bearing aplite dykes, and hornfelsed lavas, indeed any lithology with minor to trace amounts of pyrite, or conspicuous ironoxide weathering. Most workers related the alteration to the nearby Noel Hill pluton (Davies, 1982; Tokarski, 1988; Jin et al. 1991; So, Yun & Park, 1995) . In addition, published maps of Barton Peninsula show significant differences in the distribution of the alteration and, in some cases, the major rock units and structures (Davies, 1982; Jin et al. 1991; Armstrong, 1995; So, Yun & Park, 1995; Lee et al. 1996; Kim et al. 2000) .
Methods
We compiled unpublished field data of British Antarctic Survey (BAS) and university geologists (D. Jardine, P. D. Clarkson, A. D. Saunders, S. D. Weaver, R. E. S. Davies, T. Alabaster) at a scale of 1 : 5000, and carried out new mapping and sampling of the areas of hydrothermal alteration. We re-examined about 600 samples and 350 thin and polished sections in the BAS sample archive in order to define the nature and distribution of different alteration types. About 42 previously unpublished whole-rock analyses were compiled and 75 analyses made of newly collected material, to define the compositional range of the volcanic and plutonic sequence and the chemical effects of the alteration.
Barton Peninsula geology and geochemistry
Barton Peninsula contains one of the largest areas of exposed volcanic and plutonic rocks on King George Island (Figs 2, 3) . The volcanic sequence is 300 to 500 m thick (Tokarski, 1988) comprising plant-bearing fluvial sandstones, channel-fill conglomerates and lacustrine mudstones, overlain by basaltic-andesite lapilli tuffs and debris flows interbedded with thin basaltic lavas. The upper volcanic sequence, in central and northern Barton Peninsula, comprises subhorizontal to shallowly dipping (< 30°NE) basalticandesite lavas with minor welded tuffs. A similar volcanic succession occurs on nearby Weaver Peninsula (Fig. 2) .
Also in the upper lava sequence on Barton Peninsula (Fig. 3) , and reported here for the first time, are two localities of white rhyolitic tuff with welldefined eutaxitic texture, and trails and disseminations of tourmaline parallel to the layering. These tuffs are cut by thin aplite dykes and are brecciated by quartz + tourmaline + pyrite veinlets, to form angular jigsaw breccias similar to those in porphyry systems (Fig. 9d) .
The volcanic sequence is cut by swarms of basaltic dykes, trending ESE and N-S, and several basalt plugs between Winship and Narebski points. The Noel Hill pluton is a small (1.25 km across), medium-grained intrusion with a thin arcuate extension to the southeast that may occupy a caldera ring fault (Fig. 3) . The pluton consists of marginal areas of diorite with gabbroic enclaves, in the west and south, a central mass of pinkish-grey, equigranular quartz diorite/granodiorite, and more evolved granodiorite on its northern margins.
Fresh basalts sampled more than 400 m from areas of hydrothermal alteration, and the Noel Hill pluton, have relatively consistent K-Ar ages of 48.5 to 44.2 Ma (Jin et al. 1991; Armstrong, 1995) similar to K-Ar ages on Weaver Peninsula to the north (47.8 and 46 Ma: Davies, 1982; Pankhurst & Smellie, 1983) and Potter Peninsula to the south (49.7 to 45 Ma: Watts, 1982; Pankhurst & Smellie, 1983) , suggesting volcanism at about 50 to 44 Ma (Fig. 4) . A small group of precise K-Ar ages, from the centre of the pluton, gives the best estimate for pluton emplacement at about 42-41 Ma (Lee et al. 1996) .
4.a. Geochemistry
The lavas are mostly medium-K, silica-saturated basalts and basaltic andesites ( Fig. 5 ) with high Al 2 O 3 (16 to 20 wt %) and a typical calc-alkaline chemistry such as low Fe, Mg and FeO*/MgO <2.5, large-ion lithophile elements enriched with respect to MORB (× 20 to 60), LREE (× 1 to 6, Ce N /Y N ratios of 3 to 8), and low Ti/Zr (30-67, Fig. 6 ). Some basalts in the lower volcanic sequence are more tholeiitic with low K 2 O (< 1 wt %), high Na/K (3.2 to 7.5), low Rb/Sr (< 0.04), Ba/Sr (< 0.14), relatively small LREE enrichments (× 1.5 to 2.4 MORB), low Zr (< 80) and Zr/Y (4.1 to 6.4). By contrast, basalts in the upper sequence, which hosts much of the hydrothermal alteration, have the strongest calc-alkaline character. Hence the Barton Penisula volcanic sequence is transitional between tholeiitic and calc-alkaline and was probably derived from a single fractionating magma.
The Noel Hill pluton is a medium-to high-K, metaluminous (aluminium saturation index < 0.91), calcalkaline granitoid with some oceanic-arc characteristics such as only moderate enrichments of LILE (× 8 to 20 MORB) and LREE (× 40 to 70 chondrite), and low Rb/Zr (< 0.6).
The Winship Point-Narebski Point plugs were previously assumed to be coeval with the lavas. However, they have low Al 2 O 3 (< 15 wt %) and K/Rb (< 800) and higher Fe 2 O 3 (up to 14 wt %), FeO*/MgO (3 to 4), Na/K (3 to 14) and P 2 O 5 (up to 0.33 wt. %). They also have much lower LIL/HFSE ratios (K/Nb = 194-980, Ba/Nb = 17-50, and Rb/Nb = 0-2.3) compared to the lavas. They also form a separate group in bivariate immobile-element plots (Fig. 6 ). These contrasts indicate derivation from a different mantle source to the lavas. The plugs may belong to the suite of midOligocene to early Miocene plugs of central King George Island (32 to 21 Ma: Birkenmajer et al. 1986; Keller et al. 1991) .
Hydrothermal alteration: field relations and mineralogy
Field, textural and mineralogical evidence indicates three, possibly four, hydrothermal episodes on Barton and Weaver peninsulas ( of near-surface pervasive and fault-controlled silicification, which occurred during deposition of the lower tuff sequence and is pervasive in the upper lava sequence. Part of the pervasive silicification was then brecciated and overprinted by advanced-argillic alteration. Subsequent emplacement of the Noel Hill pluton resulted in intense alteration, in places involving some of the advanced-argillic rocks. Lastly, isolated areas of propylitic alteration along faults may either be distal alteration related to the early quartz veins, or to later, fault-controlled, circulation of ground waters around the Noel Hill pluton.
5.a. Banded-quartz rocks and silicification
Very fine-grained (< 20 µm), compact, thinly banded, white to pale grey quartz rocks occur in an oval area 750 m across, 1 km northeast of Noel Hill. These rocks are have gradational contacts over 0.2 to 10 m with the surrounding lavas (Fig 7b) , and contain faint, ghost-like outlines of plagioclase phenocrysts, typical of the host basaltic andesites. In thin section, they are dominated by anhedral mosaic quartz, spherulitic quartz and plumose quartz, typical of recrystallized chalcedony (Armstrong, 1995) . Near the advancedargillic rocks, they are cut by thick (< 20 cm) veins of alunite, or occur as angular blocks in a matrix of coarse-grained alunite or pyrophyllite (Armstrong, 1995) . Previously, the banded-quartz rocks were interpreted as residual vuggy quartz typical of acid-leach zones in advanced-argillic systems (Littlefair, 1978; Park, 1991; Armstrong, 1995; So, Yun & Park, 1995) . However, the field relations clearly indicate that the banded-quartz rocks formed prior to the advancedargillic alteration. Surrounding areas of less intense silicification contain abundant (20 to 85 %) coarse-grained (100-800 µm) quartz and sericite (Table 1 , column 1b). On Weaver Peninsula (Fig. 2) , similar quartz + muscovite Figure 4 . Summary of K-Ar and Ar-Ar ages for Barton Peninsula volcanic rocks and the Noel Hill pluton plotted against distance from the volcanic/plutonic contact. The data indicate argon loss on propylitic alteration associated with the hydrothermal quartz veins, and an excess argon effect near the volcanic/plutonic contact and marginal diorite. Data are taken from Davies (1982) , Pankhurst & Smellie (1983) , Jin et al. (1991) , Armstrong (1995) , Lee et al. (1996) , Kim et al. (2000) and Hur et al. (2001) . Some mineralogical details are from Littlefair (1978) , Park (1991) , Armstrong (1995) , and So, Yun & Park (1995) . * = advanced-argillic overprint.
+ sericite alteration, together with abundant calcite, disseminated/veinlet pyrite + chalcopyrite, and thin drusy quartz veins affects tuffs ( Fig. 7c ), lavas and basaltic dykes. On both peninsulas, lapilli tuffs of the lower volcanic sequence contain detrital fragments of silicified pyritic tuff and lava, indicating that the silicification was coeval with the tuffaceous volcanism.
5.b. Quartz veins
In southern cedonic quartz, muscovite and sericite and late, clear, drusy quartz and calcite ( 
5.c. Propylitic alteration
Intense propylitic alteration affects most of the relatively low-lying area northeast of Noel Hill, which was interpreted by Armstrong (1995) as a small caldera structure. These rocks are greenish-grey to yellowishgreen, with conspicuous iron-oxide weathering patinas. Primary igneous minerals are replaced by epidote, calcite, quartz, albite, chlorite, pyrite and sericite (Table 1, 1c) . Some of this propylitic alteration is overprinted by the silicification (Fig. 7a) .
5.d. Advanced-argillic alteration
Advanced-argillic alteration (Table 1, 2a and 2b) is restricted to lavas of the upper volcanic sequence, 1000 m to the northeast of the Noel Hill pluton. The largest continuous exposure (Fig. 8) forms a zone 1000 m long and 200 m wide, from 50 to 250 m above sea level, striking parallel to the main joint and fault directions in the host rocks (110-130°, Fig. 3 ). Host lavas and tuffs, and banded-quartz rocks, where present, are cut and brecciated by veins and masses of pinkish-white, sugary, coarse-grained (400-800 µm) alunite ( Fig. 9a ) and white to dark grey pyrophyllite (50-150 µm). Alunite also occurs in platy, foliated masses around large fragments of banded-quartz rock. These breccias are angular and very poorly sorted, indicating an explosive hydraulic origin. The pyrophyllite rocks occur in an area ~300 m across and contain abundant pyrite + zunyite + diaspore + rutile + sericite (Fig. 9b) . Vugs after plagioclase phenocrysts in nearby lavas are lined with late-stage alunite, pyrophyllite, pyrite and native sulphur.
5.e. Alteration in the Noel Hill pluton
The presence of hornblende, biotite, granophyric quartz-K feldspar intergrowths, and miarolitic textures (K-feldspar, quartz, epidote, pyrite and chalcopyrite) indicates that the granodioritic magma was water-saturated and emplaced at a shallow level. However, most of the intrusion is relatively fresh, containing < 2 vol. % of deuteric sericite + chlorite + epidote + calcite. The most intense alteration, consisting of sericite + calcite + pyrite along aplite dykes and faults, and actinolite + biotite + sericite + epidote + chlorite at the pluton margins (Table 1 , column 3a), indicate that post-emplacement fluid flow was restricted to permeable contacts.
5.f. Noel Hill pluton aureole
Although the pluton is relatively unaltered, it is surrounded by an aureole 50 to 150 m wide of intensely silicified, sericitized and propylitized basaltic andesites, weathering to conspicuous dark purple to red colours. Similar weathering also occurs as a linear zone trending SW from the pluton towards an isolated outcrop of diorite on South Spit (Jin et al. 1991 , Fig. 3 ), suggesting that a plutonic ridge occurs near the surface. The aureole is characterized by a fine-grained granoblastic quartz with abundant fine-grained biotite, muscovite/sericite, magnetite, albite and actinolite, with minor pyrrhotite and K-feldspar, and accessory apatite and tourmaline. Veinlets and disseminations of quartz + sericite + epidote + chlorite + pyrite + pyrrhotite + chalcopyrite are locally developed in the aureole. This assemblage is very similar to hightemperature, porphyry-related alteration.
In addition, some dark grey basaltic lavas and tuffs in the aureole contain conspicuous fine-grained corundum and andalusite, with whole-rock Al 2 O 3 contents of up to 34 wt %. Andalusite generally forms by contact metamorphism of argillaceous rocks, and corundum by metamorphism of silica-poor country rocks. Hence the assemblage quartz-corundum is rare and thermodynamically unstable. On Barton Peninsula, there is no evidence for aluminous mudrocks in the surrounding lavas, whose total Al 2 O 3 content is generally less than 20 wt %. The basaltic-andesite lavas have SiO 2 contents of 54 to 57 wt %, hence are not sufficiently silica-poor to form corundum.
Worldwide, andalusite and corundum are recorded in high-temperature biotite alteration in deep porphyry environments (Gustafson & Quiroga, 1995) . A deep porphyry setting for the Noel Hill pluton is not supported by the textures of the pluton, the lack of intra-pluton alteration, the lack of K metasomatism (discussed in Section 6) and the patchy occurrence of andalusite and corundum in the aureole (Fig. 3) . Andalusite and corundum also form in the highesttemperature parts of advanced-argillic alteration systems such as lithocaps above porphyry systems (Sillitoe, 1995; Allibone et al. 1995; Bottrill, 1998) . In the Noel Hill aureole, the andalusite and corundum are intimately intergrown with quartz, sericite, albite, magnetite and epidote. This assemblage does not support a lithocap origin associated with the Noel Hill pluton. Moreover, corundum and andalusite have not been seen in the advanced-argillic rocks to the northeast. Hence we suggest that the andalusite and corundum resulted from high-temperature recrystallization of pre-existing aluminous alteration along the southern margin of the caldera structure (Fig. 3) . The full dataset is available from the first author on request.
Samples were crushed to < 1400 µm and reduced to powder in an agate TEMA mill. Major elements and some trace-elements were determined on fused beads and pressed pellets by XRF at the Department of Geology, Southampton University under the guidance of I.W. Croudace. Loss-on-ignition (LOI) was measured on each sample as the weight loss between 100 and 1000°C. Drift, accuracy and precision are better than 1 % for major elements (2 % for P 2 O 5 ). Precision and accuracy for trace elements are better than 2 % (relative) for elements above their detection limits (1 ppm except for Ba, Cr, V -6 ppm). Sulphur values are orders of magnitude only. As, Bi, Sb, Au, Ag, Cd, Se and Tl were determined by AAS-vapour hydride and Hg by AAS-cold vapour method at Caleb Brett laboratories, Merseyside. The basaltic-andesite, given for comparison, is the median composition of five unaltered basaltic andesites from the upper sequence. Values for Ag, As, Au (ppb), Bi, Cd, Co, Hg, Sb, Se, Te, Tl, U and W are typical values for basaltic-andesite rocks (Wedepohl, 1978) . P.2109.5: pale grey, banded qz rock + disseminated rl, tr py, nat S. P.2108.7: pale silicified welded tuff + disseminated py. P.2122.4: Weaver Peninsula greenish heterolith lapilli tuff silicified, sericitized, calcified, disseminated py, tr cp, bn. P.2135.2: yellowish green welded tuff, silicified + abundant euhedral py < 2 mm. P.2141.4: basalt fragments < 40 mm in grey qz, dissem py, cut by cc veinlets. P.2110.11:
platy aggregs pinkish-white aln. P.2110.8: massive white qz-prp rock + aln, rl, dsp, patches f.gr. py < 40 mm P.2110.5: pinkish grey and white f. gr. massive prp, aln, dissem. and vnlet py, qz, rl, ± minor ser, pg, zun P.2147.1: Feox-weathered. dk grey, c. gr. basalt crc by numerous mm-scale py, po vnlets. P.2554.8: dk grey basalt + abundant zoned py, cp, po. Mineral abbreviations: aln -alunite; bn -bornite; cc -chalcedony, cp -chalcopyrite; dsp -diaspore; rl -rutile; pg -paragonite; py -pyrite; prp -pyrophyllite; po -pyrrhotite; qz -quartz; S -native sulphur; ser -sericite; zun -zunyite.
5.g. Isolated areas of propylitic alteration
These areas of weak alteration (Table 1) occur along faults and dykes in other parts of Barton Peninsula (Fig. 3) . They could either be related to quartz veins at depth, or to a younger episode of groundwater movement heated by the Noel Hill pluton and moving along faults, dykes and permeable tuffaceous units. The latter possibility is supported by evidence for alteration along aplite dykes and faults that cut the granodiorite pluton. (Fig. 9c) . 
Element mobility during hydrothermal alteration
Hydrothermal alteration results in remobilization of many major and trace elements, and introduction of others in combinations characteristic of the hydrothermal fluid, and level, in the hydrothermal system. Identifying these changes is critical to understanding hydrothermal processes. Representative samples of altered rocks from Barton and Weaver peninsulas clearly show anomalous compositions (Table 2) . However, simple comparison of weightpercent data cannot identify true element gains and losses because change in major-element abundances causes spurious changes in other weight-percent data, even for elements that were immobile (Whitten, 1995) . Identification of true element movements in altered rocks requires at least one element to have been immobile during the alteration event, and comparable whole-rock data for the fresh precursor. For the Barton Peninsula sequence, an analysis of variance of the freshest basalts indicates that the most immobile major elements were Si, Ca, Al, P, Ti and Mn, and Y, Nb, Ga, Nd and Zr among the trace elements.
Comparison of five samples from the weakest alteration (isolated alteration near faults, (Barrett & Maclean, 1994) . Hence Al and Zr were chosen as immobile elements.
The most widely applied mass-balance technique is the Gresens or Isocon method, which compares individual altered samples with the cogenetic least-altered precursor (Gresens, 1967; Grant, 1986) . This method cannot be applied here because the lavas and plutonic rocks form a fractionated sequence (Figs 5, 6 ). Hence, mass-balance must be carried out using the multipleprecursor method of Maclean & Barrett (1993) . In plots of Al 2 O 3 against Zr, fresh basaltic rocks define a linear fractionation line (Fig. 10) , whereas altered rocks, in which there has been significant volume change (but Al and Zr immobility) lie on alteration lines that radiate from the origin. Some of the silicified lavas have clearly undergone mass gain, whereas the advanced-argillic rocks and aureole rocks have undergone mass loss (Fig. 10) . Alteration lines for individual samples intersect the fractionation line at the precursor Zr and Al 2 O 3 compositions. Substituting Zr precursor values in the fractionation equations for the other major and trace elements reveals the precursor compositions for those elements. The enrichment factor Zr precursor /Zr altered is then used to calculate the reconstituted mass of the altered rock. The net mass change is the reconstituted composition minus the precursor composition. (Barrett & Maclean, 1994) .
Relations between Al and Zr (Fig. 10) , and massbalance calculations, indicate that Zr and possibly Ti were mobile in some rocks, especially the bandedquartz rocks, silicified rocks and some contact-aureole rocks. Hence these samples are not shown in Figure  11 . For the silicified rocks, in which Zr was immobile, the most dramatic changes involve gain of Si, K and S and loss of Ca, Na, Mg, Fe and Sr. Other elements such as Ba, V and Cu show small gains or losses due to replacement of feldspars and ferromagnesian minerals by silica and sericite. The propylitic wallrocks to the quartz veins show gains in Na associated with albitization, and loss of Mg, Fe, K and Cu and considerable scatter in Si, Ca, Ba, Sr and V consistent with replacement of FeMg minerals by propylitic minerals.
The advanced-argillic alteration is characterized by addition of S, Ba, Sr, K and Pb in the alunite rocks, resulting from the total breakdown of feldspars and pyroxene, and replacement by baryte. Most alkali-and transition-group metals were removed by 70 to 100 %. Although some alunite rocks have high TiO 2 (up to 1.86 wt %), evidence of mass loss in these rocks (Fig.  10 ) and the variability in TiO 2 content suggests local mobility and a residual origin. The pyrophyllite rocks contain anomalous Fe due to the presence of abundant pyrite. Variable Si in the pyrophyllite rocks may be the result of included fragments of bandedquartz rock. The propylitized rocks surrounding the advanced-argillic alteration have also gained S, show remobilization of Si, Ca, V and Cr and loss of Mg, Fe, Na and K, consistent with replacement of feldspar and FeMg minerals by calcite and epidote.
The aureole rocks to the Noel Hill pluton (Fig. 11b) show gains of only Si, S and Zr. Erratic Si, Sr and Cu values and small losses of Ca, Mg, K, Na and Fe are caused by the breakdown of feldspar and FeMg minerals and the presence of localized sulphide veinlets. Copper is only weakly anomalous in one of our aureole (Barrett & Maclean, 1994) . The banded-quartz rocks, some silicified rocks and some aureole rocks also have anomalously high Zr contents.
basalts (495 ppm), and the highest reported Cu value in the aureole is 854 ppm (C. A. Cox, unpub. M.Sc. thesis, Ohio State Univ., 1981). Although the pluton aureole rocks contain high P 2 O 5 (0.52 wt %) and TiO 2 (up to 1.71 wt %), mass-balance calculations do not confirm addition of Ti or P.
Within the pluton itself, weak enrichments of Cu (6247 ppm), Ag (4 ppm), Pb (< 177 ppm), Mo (< 13 ppm), and Zn (300) have been reported by C. A. Cox (unpub. M.Sc. thesis, Ohio State Univ., 1981). However, our analyses revealed values close to background. Furthermore, numerous analyses of diorite and granodiorite show very little dispersion on binary fractionation diagrams even for readily mobile elements such as K, Na and Rb (Kang & Jin, 1989; Jin et al. 1991; Lee et al. 1996) indicating that the pluton has not undergone pervasive metasomatism.
The isolated areas of propylitic alteration show loss of K, Mg and Na and variable Si, Fe, alkalis, Sr, V and Cu. Local volume loss probably accounts for high TiO 2 (up to 1.66 wt %) in some samples (Fig. 11b) .
As mentioned above, Zr and Ti were mobile in the zones of silicification and contact metasomatism. The banded-quartz rocks have anomalous TiO 2 (up to 1.16 wt %) and Zr (300 ppm) and some silicified basalts have anomalous Zr (400 ppm), which cannot be the product of mass loss (Figs 10, 12) . Pluton-aureole rocks also have high Zr (560 ppm). Park (1991) reports up to 880 ppm Zr in some quartz veins, and between 297 and 1453 ppm Zr in some alunite veins, confirming hydrothermal transport of high field-strength elements. The only way of assessing mass change for these rocks is simple normalization of altered rocks to a fresh precursor (Ague & Van Haren, 1996) .
Comparison of analyses of pure banded-quartz rock, with massive alunite, pyrophyllite and alunite/ pyrophyllite-cemented banded-quartz breccias, indicates that the banded-quartz rocks have an advancedargillic overprint involving anomalous Hg + S + Pb + Ba + As (Fig. 13) . The residual anomaly in the b Figure 11 . (a) (see facing page) Mass loss/gain for sample suites where Zr was immobile, for elements for which primary fractionation curves are available. Scatter caused by natural variation, and error in the fit of the fractionation curve, amounts to ± 2 and ± 0.2 wt % for the major and minor elements, respectively, and ± 100 to 10 ppm for the common and rare trace elements. Sample numbers differ from Figure 13 because Zr was mobile in some silicified rocks. (b) Mass loss/gain (cont.) for the Noel Hill thermal aureole and isolated areas of propylitic alteration. Figure 12 . TiO 2 vs. Zr for all altered samples (n = 55), apart from nine propylitized samples that fall within the fractional crystallization trend and therefore are not shown. High-Ti rocks within the fan-shaped array of alteration lines can be explained by mass loss, for example, in the advanced-argillic alteration (AA). However, metasomatic addition of Zr has occurred in the banded-quartz rocks (BQ) and aureole rocks. banded-quartz rocks comprises high Si, Ca, Ti, Zr, Se and Bi in all samples, and dramatic loss of K, Na, Mg, Fe and Rb. In addition to the element movements reported above, the most silicified lavas have anomalous Se, Te, Au and Mo. Some silicified and sericitized lavas on Weaver Peninsula contain the highest Au in the area (619 ppb, Fig. 7c ) as well as weakly anomalous Se, W and As. The quartz veins contained only anomalous Te, Se, Mo and W, although Park (1991) also reported anomalous Ag + Pb + Sb + Au + Zn + As. By contrast, the purest advanced-argillic lithologies have a distinctly different signature, involving anomalous Hg, Se, As, Bi, Tl and Sb (Fig. 14, Table 2 ).
Discussion
Ancient hydrothermal systems are a snapshot in time of a complex three-dimensional interplay of magmachamber processes, fluid and heat flux, fluid chemistry and flow paths, reactivity of wallrocks, and tectonism. Studies of hydrothermal systems worldwide have revealed that hydrothermal veins are not necessarily related to the nearest intrusive rocks. Conversely, very different hydrothermal assemblages may form during a single episode as a result of overprinting. In this section, we discuss evidence for the relative timing and chemical affinity of the alteration assemblages on Barton Peninsula.
7.a. Banded-quartz rocks, silicification and quartz veins
Previous workers regarded the banded-quartz rocks on Barton Peninsula as the vuggy, residual-silica part of an advanced-argillic system, and considered that both lithologies formed as a result of leaching by low-pH waters (Littlefair, 1978; Davies, 1982; Park, 1991; So, Yun & Park, 1995; Armstrong, 1995) . However, the banded-quartz rocks lack the vuggy, friable textures characteristic of residual quartz (Fig. 7b) . Moreover, the mineralogy of the silicified lavas nearby (albite + muscovite/sericite + chlorite + calcite + pyrite + epidote) is not compatible with alteration by low-pH waters.
Silicification in advanced-argillic settings may occur (1) late in the alteration sequence as veins and fracture selvages (e.g. Arribas et al. 1995) ; (2) some distance away if permeable units and hydraulic gradients allow extensive lateral flow and neutralization of the low-pH waters; and (3) in steam-heated settings where oxidation of H 2 S results in low-pH waters that can dissolve volcanic glass, enabling formation of densely silicified zones in permeable formations (Hedenquist & Arribas, 1999) .
On Barton Peninsula, the relative timing of bandedquartz rock followed by advanced-argillic alteration does not support any of these mechanisms, nor do the textures of the advanced-argillic rocks (discussed in the next section) support formation as a steam-heated overprint. Evidence that the banded-quartz rocks formed prior to the advanced-argillic alteration suggests formation in a separate system. The occurrence of detrital fragments of quartz + sericite + pyrite rock in lapilli tuffs of the lower volcanic sequence indicates that the silicification was coeval with volcanism. The small amounts of advanced-argillic minerals in vugs and veinlets within the banded-quartz rocks (Table 1 , column 1a) are therefore interpreted as a later hydrothermal overprint.
Furthermore, silica is most soluble in neutral-pH, reduced waters at > 300°C, conditions that are only met in deep geothermal systems, in which waters are buffered to neutrality by long flow paths through the crust. As waters ascend and cool below 300°C, precipitation of quartz is followed by less-ordered polymorphs below 200°C such as cristobalite and below 150°C by amorphous opal and chalcedony (Fournier, 1985) . On Barton and Weaver peninsulas, the silicified rocks are developed over a wide area (12 km by 7 km, Fig. 3 ), supporting formation in a large rock-buffered geothermal-type system, with chalcedony forming 130 m below the palaeosurface under hydrostatic conditions (Haas, 1971) . The presence of calcite in the quartz veins in southern Barton Peninsula (Table 1) , along with albite + epidote + pyrite + chlorite in the altered wallrocks also indicates neutral to alkaline pH waters (Reyes, 1990) .
Hence, the quartz veins could represent the upflow zones to the near-surface zones of banded quartz (Fig.  14) . Zonation of the veins from outer, fine-grained, chalcedonic quartz to inner, drusy quartz + calcite (Fig. 7e) suggests sudden depressurization and silica supersaturation, followed by calcite precipitation, possibly as a result of boiling and CO 2 loss. Comparison of the propylitic alteration mineralogy with mineral stability ranges in active geothermal systems suggesting temperatures over 200°C (epidote + rutile: Reyes, 1990; Thompson & Thompson, 1996) possibly up to 250°C (garnet: Reyes & Giggenbach, 1992) , in good agreement with published fluid-inclusion temperatures for the veins (250 to 210°C: So, Yun & Park, 1995) . Anomalous Ag + Pb + Sb + Au (Park, 1991) plus Te + Se + Zn + As is compatible with formation in the middle to lower part of an epithermal vein system (Silberman & Berger, 1985) . Figure 13 . Ratio plot for all lithologies, using the median composition of petrographically fresh, low-LOI basaltic andesites given in Table 2 . Elements are in the order: immobile high field-strength elements, large-ion lithophile elements, compatible elements and rare elements. Immobile elements show relatively low variation (shaded bar). Values > 1 indicates mass loss, and < 1 indicates mass gain. Trace-elements above the shaded bar have been added and below the bar have been depleted. Overprinting by advanced-argillic alteration, and inheritance of banded-quartz rock chemistry are shown by aa and bq respectively.
7.b. Advanced-argillic alteration
The alunite and pyrophyllite rocks are diagnostic of advanced-argillic alteration involving very low-pH (< 3), oxidized waters. Such waters form in three main environments (Arribas, 1995) . In magmatic-hydrothermal systems, primary magmatic volatiles (HCl, SO 2 , H 2 S and HF), are released from a high-level 'boiling' magma and condense into meteoric groundwaters in the shallow vadose zone, to form hot (up to 350°C) sulphate-bearing waters with very low pH. Secondly, in steam-heated settings above boiling magmatichydrothermal or geothermal systems, boiled-off H 2 S can condense into groundwaters in the vadose zone to Figure 14 . Schematic north to south cross-sections, illustrating the hydrothermal history of Barton Peninsula. The present day erosion surface is about 500 m below the palaeosurface shown, hence past surface features, such as hot springs and fumaroles, are speculative, but are compatible with the types of hydrothermal system envisaged.
form waters that are cooler and less acidic (< 120°C, pH 2-3). Thirdly, supergene oxidation of pre-existing sulphide-bearing rocks results in cool (< 30°C) acidsulphate waters.
The linear, massive nature of the advanced-argillic zone on Barton Peninsula (Fig. 8) , the coarse crystallinity and pinkish colour of the alunite, and the presence of pyrophyllite, zunyite, rutile and diaspore rule out formation in steam-heated or supergene settings. In particular, the assemblage pyrophyllite + zunyite + diaspore + rutile indicates temperatures of 300 to 330°C (Hemley et al. 1980; Reyes, 1990) , conditions that occur in a hot, magmatic-hydrothermal environment above a shallow magma chamber (White & Hedenquist, 1990; Sillitoe, 1993) . The strong Hg + Se + As + Bi + Tl + Sb signature, all metals with high vapour pressures (Loebel, 1982) that preferentially partition into vapour (Heinrich et al. 1999) , is compatible with absorption of a magmatic vapour phase. The pyrophyllite + sericite mineral assemblage indicates close proximity to the magmatic brine, however, the low content of metals that are chloride-complexed (Zn, Pb, Mo), suggests that a dense magmatic brine did not infiltrate these rocks.
The absence of evidence for a near-surface setting (lake sediments, argillic alteration, vuggy silica), plus the strong structural control by ESE-trending faults and the high-temperature pyrophyllite assemblage suggest that the present-day erosion surface is at a relatively deep level in the advanced-argillic system, possibly up to 800 m under hydrostatic conditions (Fig.  14) . The banded-quartz rock breccias indicate transient pressures greater than hydrostatic, due either to sudden mixing of the magmatic vapour phase with cooler groundwaters, resulting in flashing to steam (Fournier, 1999) , or to periodic sealing of the hydrothermal pathways followed by tectonism, pressure release, and hydraulic fracture (Browne & Lawless 2001) .
Worldwide, most high-sulphidation systems occur in andesitic to rhyodacitic lavas, ash flows or equivalent felsic intrusives in relatively mature arcs. Of 36 deposits listed in recent compilations (Heald, Foley & Hayba, 1987; Arribas, 1995; only two are known in intermediate to mafic rocks (SiO 2 < 57 wt %: Hedenquist & Arribas, 1999) . Even those that occur in primitive basaltic island arcs occur in bimodal sequences with a dacitic component (Kesler, 1997) . Hence, the Barton Peninsula occurrence is unusual, being hosted in a basaltic sequence, in a relatively primitive volcanic arc formed on thin (25 km) continental crust.
The association with felsic magmas is due to the sequestration of alkali metals by high-Al melts, resulting in increasing HCl/(total alkali chloride) in the melt volatile phase, ultimately yielding lower-pH and more aggressive aqueous solutions (Williams, Candela & Piccoli, 1997) . On Barton Peninsula, the two localities of peraluminous (ASI = 1.08) rhyolitic tuff on the south side of the propylitized and silicified area (Fig. 3) , and a single locality of brecciated very fine-grained pale silicic tuff breccia nearby, have a new significance in that they are possibly evidence for an underlying silicic magma chamber (Fig. 14) .
The Barton Peninsula occurrence is similar to the 'Temora' type of high-sulphidation deposit in southeastern Australia, in which the core of vuggy residual quartz is poorly developed or absent, and foliated pyrophyllite-sericite-alunite rocks dominate (White & Poizat, 1995) . To date, Temora-type high-sulphidation deposits have only been described from Palaeozoic arc sequences, in faults and shear zones, indicating that hydrothermal activity was synchronous with deformation (Allibone et al. 1995; Allibone, 1998) . The Barton Peninsula alunite and pyrophyllite rocks also show a strong fault control and are strongly foliated in places.
The rise of felsic magma to a high level in the crust without degassing or neutralization of the melt volatile phase suggests deep faulting. Extensional faulting, in early to middle Eocene times, could have been a result of the slowing down of plate convergence rates at about 52 Ma (McCarron & Larter, 1998) . However, the prevalent fault, dyke and vein directions on Barton Peninsula (E to ESE, Fig. 3 ) cannot be satisfactorily explained by simple across-arc extension. The ESE trend is, however, prevalent in older sequences in the South Shetland Islands, and is related to arc-parallel dextral shear associated with high-angle oblique convergence in late Cretaceous times (McCarron & Larter, 1998) . We suggest that the dominant structural trend on Barton Peninsula may have been inherited from ESE-trending zones of weakness in underlying arc rocks.
7.c. Noel Hill pluton aureole
The mineralogy of the Noel Hill aureole is characteristic of intrusion-related alteration, in particular the assemblage muscovite + biotite + actinolite + magnetite + epidote suggests potassic alteration at > 300°C (Reyes & Giggenbach, 1992; Thompson & Thompson, 1996) . The presence of andalusite and corundum indicates peak metamorphic temperatures over 360°C, possibly as high as 400°C (Hemley et al. 1980) . These minerals may have formed by recrystallization of pre-existing weak advanced-argillic alteration at the southern margin of the caldera structure.
There are few constraints on the depth of intrusion of the Noel Hill pluton. The maximum thickness of King George Island volcanic sequences (3.5 km) and the field relations of the plutons suggest emplacement at about 2-3 km. Although crude, this estimate implies accumulation of several kilometres of volcanic rocks between the advanced-argillic alteration event and emplacement of the Noel Hill pluton at ~42 Ma (Fig.  14) . Hence, the silicic and advanced-argillic alteration cannot be related to the pluton.
In the aureole, networks of pyrite + pyrrhotite veinlets and small areas of hydraulic brecciation are similar to veinlet systems in porphyry-copper intrusions, but there is no evidence for a pervasive geochemical anomaly indicative of infiltration by a magmatic hypersaline brine. Instead, the isolated copper anomalies may be caused by local remobilization of copper during propylitization of the basaltic host rocks (e.g. Craw, Williams & Johnstone, 1997) . The pluton may also have acted as a passive heat source driving ground-water circulation through nearby faults (Fig. 14) .
Conclusions
Hydrothermal alteration on Barton and Weaver peninsulas started with near-surface pervasive and fault-controlled propylitic and silicic alteration during deposition of the lower tuff sequence. Silicification continued into the upper lavas, culminating with the formation of chalcedonic replacements with anomalous Ca + Ti + Zr + Se + Bi. Drusy quartz veins in the southern Barton Peninsula may represent the feeders to the near-surface silicification. These features, and enrichments in Ag + Pb + Sb + Au (Park, 1991) , plus Te + Se + Zn + As, are characteristic of a deep circulating, neutral-pH geothermal system. Zr was also carried in the hydrothermal fluids. Most major alkali and transition-group elements and large-ion lithophile elements were remobilized or removed from the wallrocks.
Part of the area of pervasive silicification was then brecciated and overprinted by advanced-argillic alteration related to degassing of hot, oxidized, magmatic volatiles from a high-level felsic magma into shallow (< 500 m) groundwaters. The acid-sulphate waters caused complete textural destruction, removal of most Si, Ca, Fe, Mg, Na and K, and replacement of the basaltic-andesite host rocks by alunite and pyrophyllite. Trace-element enrichments (Hg + Se + As + Bi + Tl + Sb) support involvement of a magmatic vapour phase, but low Zn, Pb and Mo indicates that a magmatic brine did not infiltrate these rocks. The Barton Peninsula alunite-pyrophyllite rocks have similarities to the 'Temora' type of high-sulphidation deposit, hosted in Palaeozoic arc sequences undergoing active deformation.
After formation of a basaltic-andesite volcanic pile 2-3 km thick, emplacement of the Noel Hill pluton resulted in formation of a silicic aureole cut in places by abundant iron-sulphide veinlets. However, there is only evidence for Si + S + Zr metasomatism, loss of Mg, Na and K and local Cu mobility. The pluton itself is mostly unaltered apart from minor sericitization along the pluton margins, aplite dykes and faults, with weak Cu + Ag + Pb + Mo anomalies.
Finally, isolated areas of propylitic alteration along faults in the lavas could represent haloes to quartz veins at depth, or could be the result of a younger episode of groundwater circulation, driven by the cooling Noel Hill pluton.
There have been numerous attempts to date the volcanic sequences on King George Island, with conflicting results. For example, on Barton Peninsula (K)-Ar ages range from 74 to 28 Ma (n = 21) for the volcanic sequence and 63 to 41 Ma (n = 12) for the Noel Hill pluton. Earlier, we argued that volcanism on Barton Peninsula occurred at about 49-44 Ma and pluton emplacement at about 42-41 Ma. By contrast, recent Ar-Ar determinations, using step-heating and isochron methods have yielded ages of~120 Ma for two basaltic andesites from Marian Cove (Kim et al. 2000) . These authors now regard the Barton Peninsula volcanic rocks as some of the oldest in the South Shetland Islands, and all ~40 Ma ages are the result of argon-loss associated with late-Eocene plutonism.
However, the samples yielding early Cretaceous ages were collected at 80 and 160 m from the east side of the Noel Hill pluton (Kim et al. 2000) , well within the area of intense aureole alteration, and about 400 m along strike from an area of intense silicification (Fig. 3) . Given the argument for widespread argon loss associated with Eocene plutonism, these samples should have been reset to ~40 Ma. Within the pluton, samples with the oldest (K)-Ar ages also come from near the contact (Fig. 4) . Hence, we suggest that the early Cretaceous age determinations are due to an excess argon-bearing hydrothermal plume that flowed up the contact zone, during or shortly after pluton emplacement. Published ages in the volcanic sequence that are too young (40-35 Ma) come from areas of propylitic alteration close to the ESE-trending quartz veins (Fig. 4) . These radiometric ages may be a result of K metasomatism during the quartz-veining event, or argon loss associated with post-pluton hydrothermal circulation.
Whatever the mechanism, it is clear that study of the volcanic history of a hydrothermally active area such as King George Island requires careful mapping of alteration zones, and dating of the freshest lavas as well as the alteration. Dating of the alteration should be coupled with methods that identify the waters involved (stable isotopes, noble gases, halogens). Without reliable geochronology it is difficult to relate the development of the volcanic arc, its high-latitude floras and fossil hydrothermal systems to the history of subduction, continental breakup and climate change during the Tertiary.
